Tracheal organ cultures were prepared from strains of mice with known susceptibility to the lethal effects of mouse cytomegalovirus. When organ cultures from susceptible mice were infected with this virus, characteristic c.p.e, developed and virus titres > Io 5 p.f.u./ml were produced 2 to 3 weeks after infection. Identically infected tracheal organ cultures from resistant mice consistently failed to develop significant virus c.p.e, and produced Io-to Ioo-fold lower titres of virus. When fibroblast cultures were infected with mouse cytomegalovirus, however, no consistent differences between susceptible and resistant mouse strains were observed. Since cytomegalovirus replicates in epithelial cells both in vivo and in tracheal organ culture, these results suggest that resistance may be based in part upon innate genetic susceptibility of epithelial cells to cytomegalovirus infection.
INTRODUCTION
Cytomegalovirus (CMV) infections are an important cause of illness, and a great deal of effort has been directed towards investigations of resistance to and recovery from infections with this virus. Much of the available evidence points to the importance of the cellular immune response in controlling CMV infections both in man and the mouse (Brody & Craighead, 1974; Gardner et al. 1974; Boos & Wheelock, 1977; Rola-Pleszczynski et al. 1977; Starr & Allison, I977) ; routine CMV infection is often used as a model for human disease. The mouse model is well suited to the study of CMV resistance since there are reports in the literature that some inbred strains of mice are more resistant to the lethal effects of mouse cytomegalovirus (MCMV) than are other strains. (Selgrade & Osborn, 1974; Chalmer et al. 1977) . These authors were unable to demonstrate a decreased susceptibility of either macrophages or fibroblasts from resistant mouse strains to in vitro MCMV infection. They concluded that in vivo resistance to MCMV was probably due solely to immunological and similar factors and was unlikely to be due in any way to an innate cellular resistance to infection by the virus.
Although cytomegaloviruses have historically been cultured in fibroblasts, epithelial cells are probably the natural target cell in vivo (Donnellan et al. 1966; Martin & Kurtz, t 966; Benyesh-Melnick, 1969; Craighead, I971) . In a recently established model system for the replication of MCMV in tracheal organ culture, we have shown that the virus replicates in epithelial cells (M/intyj~trvi et ak I977). Here we report the results of studies on the oo22-x317/79/oooo-3886 $02.00 (~ t979 SGM susceptibility of tracheal organ cultures from several strains of mice to infection by MCMV. These studies indicate that there may be an innate cellular resistance to MCMV infection apparently independent of the immune responses to this virus.
METHODS
Mice and virus. C3H/HeJ (C3H), CBA/J (CBA), Balb/c, and C57BL/6J (B6) mice were obtained from Jackson Laboratories (Bar Harbor, Me, U.S.A.). Outbred Swiss mice originally obtained from Flow Laboratories (Dublin, Va, U.S.A.) were also bred in our animal facilities as were (B6 × CBA) F1 mice. Within individual experiments, mice of different strains were age and sex-matched. A virulent pool of the Smith strain of MCMV (obtained from Dr Mary Jane Selgrade) was used throughout these experiments. The virus pool consisted of a IO % (w/v) suspension of crude salivary gland homogenate (from MCMVinfected mice) in medium with lO% foetal calf serum (FCS) and lO% dimethyl sulphoxide (DMSO). The pool was stored in I ml vials at -7o °C.
Tissue culture and plaque assay for MCMV. Primary mouse embryo fibroblasts (MEF) were obtained by trypsinization of I4-to I8-day-old mouse embryos with standard techniques. Large pools of embryo fibroblasts were prepared, divided into equal amounts, frozen in liquid N2 in medium containing lO% DMSO and 2o% FCS and thawed for use as needed. MEF were grown in Eagle's minimum essential medium (MEM) supplemented with lO% FCS, ~oo units/ml penicillin and 1oo/~g/ml streptomycin. All media and sera were from GIBCO Laboratories (Grand Island, New York, U.S.A.). for plaque assays of MCMV, second-passage MEF were seeded into 15 cm 2 tissue culture flasks (Falcon Plastics no. 3o13, Oxnard, Calif. U.S.A.) 48 h before use. Serial dilutions of fluids containing MCMV in MEM-2 % FCS were adsorbed to these confluent monolayers for 2 h, the inoculum was removed and a o.8% tragacanth (Sigma no. G-1r28, St Louis, Mo., U.S.A.) overlay in M EM-2 % FCS was added to the monolayers. After 5 days of incubation at 37 °C in humidified air-5% COz, the monolayers were washed with o'85% saline solution, fixed and stained with crystal violet; the plaques were counted with the aid of a dissecting microscope (Osborn & Walker, 197I) . Plaque assays were performed in duplicate or triplicate.
Tracheal organ culture and infection with MCMV. Tracheal organ cultures were prepared as published (Collier et al. I969) . Briefly, trachea were removed aseptically from mice and transferred to tissue culture dishes containing phosphate-buffered saline solution (PBS) supplemented with five times normal concentrations of antibiotics. Individual tracheal rings, each containing a single cartilage, were sliced from the trachea with a scalpel. Six to eight tracheal rings were infected with MCMV by immersing them in 1oo#1 of virus suspension in the centre of a 35 mm culture dish (Falcon no. 3OOl) and incubating at 37 °C in a humidified air-5 % CO2 atmosphere for I "5 to 2 h. Infected or mock-infected rings were then washed three times with I to 2 ml of PBS and incubated in I-2 ml MEM-1% FCS containing normal concentrations of antibiotics (I oo units/ml penicillin, I oo/tg/ml streptomycin) and IO mM-HEPES buffer (Sigma no. H 3375) at 37 °C in humidified air-5 % COz. The cultures were observed daily for signs of virus c.p.e, and were fed twice weekly with fresh medium. The culture fluids were retained and frozen at -7o °C for later titration of MCMV on MEF. 
MCMV replication in tracheal organ cultures derived from susceptible strains of mice
Using fibroblast-attenuated MCMV, M~intyj/irvi et al. 0977) showed that murine tracheal organ cultures from outbred mice could be successfully infected with MCMV. These infections were characterized by the development of large, inclusion-bearing, CMV antigen and virus particle-positive cells in the epithelial layer of infected tracheal organ cultures and by the demonstration of infectious virus in the medium from MCMV-infected organ cultures. We report here that virulent, mouse salivary gland MCMV will similarly infect tracheal organ cultures from outbred Swiss mice and two inbred strains of mice -B6 and Balb/c.
These three strains of mice have all been shown previously to be susceptible to the lethal effects of virulent MCMV in vivo (Selgrade & Osborn, I974; Chalmer et al. I977) . Io experiments performed over a 9 month period. Both male and female mice aged 4 to 2o weeks were used in these experiments; there is no apparent difference in the ability of tracheal organ cultures from animals of different ages or sex to replicate M C M V .
M C M V replication in tracheal organ cultures derived from resistant strains of mice
In contrast to the results just cited, tracheal organ cultures from two strains of mice which are relatively resistant to M C M V in vivo, C3H and CBA, replicate M C M V to much lower titres and exhibit much less virus c.p.e, than do MCMV-infected tracheal rings from susceptible mice. These results are shown in Fig. z, 3 obtained when the organ cultures were infected with stock virus which had been diluted Io-or Ioo-fold (data not shown).
Selgrade & Osborn (I974) identified B6 and CBA mice as another MCMV-susceptible/ resistant pair of inbred strains of mice. Fig. 4 shows that when infected in vitro with MCMV, tracheal organ cultures prepared from mice of the susceptible strain, B6 replicate MCMV to peak titres greater than Io 5 p.f.u./ml of culture fluid. In contrast, MCMV-infected tracheal organ cultures from the resistant strain of mice, CBA yield peak virus titres Ioto Ioo-fold lower. Organ cultures from CBA mice appear to be less resistant to MCMV than do organ cultures from C3H mice. Similarly, we observe that in our hands adult CBA mice were less resistant to MCMV in vivo than were C3H mice, both of which were more resistant than either Balb/c or B6 mice (J. Nedrud & A. Whitmore, unpublished observations). Also shown in Fig. 4 is the growth curve for MCMV infection of tracheal organ cultures prepared from (CBA × B6) F1 mice. Tracheal organ cultures prepared from these (resistant) x (susceptible) hybrid mice yield peak virus titres intermediate between the peak titres obtained from infected tracheal rings of the parental resistant and susceptible mice.
MCMV infection of embryo fibroblasts from resistant and susceptible mice
In contrast to the results obtained with tracheal organ culture, where there is always a distinct difference between infected cultures established from resistant and susceptible mice, MCMV-infected fibroblast cultures from these strains of mice yield almost identical titres of virus. These results are summarized in Table I which is a compilation of data from several experiments in which MCMV from various sources was titrated in parallel in two or more different strains of fibroblasts. Although fibroblasts from susceptible strains of mice pro-duced an average of ~'35 (oq3 log10 units) times as many plaques as did identically infected fibroblasts from resistant mouse strains, this difference is probably not significant.
In addition, when embryo fibroblast monolayers from resistant and susceptible strains of mice were infected with MCMV, both types of monolayers developed virus c.p.e, at similar rates and were completely destroyed by 6 days p.i.
DISCUSSION
Previous published reports have focused largely upon the immune system as the only or primary factor in determination of susceptibility to CMV infections. Here, however, we have presented data for mouse CMV that innate cellular susceptibility or resistance may be important as well. We postulate that the natural target cell for CMV infection (epithelial in nature) may be the primary determinant for key characteristics of CMV infection. Tracheal organ cultures from three different strains of MCMV-susceptible mice consistently exhibit virus c.p.e, in the epithelium and yield greater than Io 5 p.f.u, of MCMV per ml of culture fluid when infected in vitro, while identically infected tracheal organ cultures from two resistant strains of mice produce virtually no virus c.p.e, and yield IO-to Ioo-fold lower amounts of MCMV.
These features may have been largely overlooked up to now in studies in vitro because of the artificiality of using fibroblastic cultures. One reflection of this artificiality is the rapid attenuation undergone by virulent pools of MCMV upon growth in cultured fibroblasts (Osborn & Walker, 197 I) . A rather similar example of a cultured cell type having important biological effects of a virus was recently provided by Clark (1978) . He showed that fibroblastattenuated rabies virus rapidly regains virulence for mice when the virus is grown in cultured neuroblastoma cells, a more natural target cell type than fibroblasts.
Many early attempts to grow CMV in epithelial cells in vitro were unsuccessful, both because epithelial cells are difficult to culture, and many epithelial-like cells which do grow in tissue culture proved refractory to CMV infections (Rowe et al. ~956; Stern et al. I963; Benyesh-Melnick, 1969) . There have been a number of recent studies, however, reporting the propagation of cytomegaloviruses in cultured epithelial cells (St Jeor & Rapp, I973 ; Michelson-Fiske et al. t975; Vesterinen et al. t975; Knoles, 1976; Vonka et al. I976) . The system employed here, mouse tracheal organ culture, not only supports MCMV replication in epithelial cells in vitro, but also maintains the epithelium in a functional, organized and highly differentiated state for many weeks (Mfintyj~irvi et al. I977) .
While the organ-cultured virus does not replicate exclusively in the epithelial cells, but also in the ceils of supporting structures including fibroblastic elements, the impression from immunofluorescent and electron microscopic studies is that the bulk of the replication of MCMV takes place in the epithelium (M~intyjfirvi et al. z977 ). In addition, preliminary immunofluorescent studies indicate that the CMV antigens which are present in infected tracheal rings from resistant mice are largely confined to connective tissue areas. Infected tracheal organ cultures from susceptible mice, however, show anti-CMV immunofluorescence in both connective tissue and epithelial areas. The anti-CMV fluorescence in infected tracheal organ cultures from susceptible mice is also more intense and more widespread, making it unlikely that our results could be due to a greater degree of cellassociated virus (as opposed to supernatant virus) in tracheal cultures from resistant mice. Furthermore, when infected tracheal organ cultures from susceptible and resistant mice were disrupted by three cycles of freezing and thawing to release cell associated virus, the susceptible organ cultures were found to contain 5o times more virus than resistant cultures (J. Nedrud, unpublished observations). t A Log10 = (Log10 p.f.u./ml on fibroblasts from a susceptible strain)-(Logl0 p.f.u./ml on fibroblasts from a resistant strain).
These studies have been performed with tracheal organ cultures, a respiratory tissue, and although CMV is not usually thought of as a respiratory virus, it is the apparent cause of a significant incidence of pneumonia in transplant recipients (Naraqi et al. I977; Neiman et al. I977; Pollard et al. I978) . Also, MCMV can cause similar disease states after immunosuppression of CMV-infected mice (Brody & Craighead, 1974) or intranasal MCMV inoculation of healthy mice (Jordan, I978) . Significantly, it is very difficult to establish such intranasal infections in C3 H mice, a strain which is resistant to MCMV both in vivo and in tracheal organ culture (M. C. Jordan, personal communication). Mouse tracheal organ culture thus appears to afford a good in vitro model for CMV infection.
In contrast to the results obtained in the tracheal organ culture system, where we always observe a marked deficiency of cultures from MCMV-resistant mice to produce both virus c.p.e, and infectious virus, fibroblast cultures from resistant and susceptible mouse strains did not vary significantly in their capacity to replicate MCMV. This agrees with the observations of Chalmer et al. (I977) . Since epithelial cells appear to be the main target cells for CMV in vivo and in tracheal organ culture, we conclude that there may be an innate cellular basis (epithelial in origin) for MCMV susceptibility underlying the well established role of cellular immunity in controlling CMV infection. Perhaps a delayed or reduced course of MCMV infection of critical target organs in vivo allows sufficient time for the immune system to successfully resolve the infection in resistant mice, whereas susceptible mice are overwhelmed with viraemia before the immune system can respond effectively. At any rate this hypothesis can be tested, and we are continuing studies of resistance to MCMV, examining both the genetics of various immune parameters of MCMV resistance as well as expanded genetic studies of MCMV susceptibility in vivo and in tracheal organ culture. This study was supported by Virology Program Project grant no. I-POL-CAI9oI 4 from the National Cancer Institute and SCOR grant no. HL-I9171 from the National Heart, Lung and Blood Institute. J. G. N. was supported by NIH National Research Service award no. tF32-CAo632o-oi from the National Cancer Institute. The authors thank Nancy Hu for technical assistance, Dr Mary Jane Selgrade for the virus pool, Dr Rauno Miintyj~irvi for helpful discussion and Eunice Neal for typing the manuscript.
